A b s t r a c t P u r p o s e : We i n v e s t i g a t e d Tc -9 9 m hydroxymethylene diphosphonate (HMDP) scintigraphy findings in renal tumor patients from the perspective of postoperative renal dysfunction following nephron-sparing surgery (NSS). Methods: Forty-three renal tumor patients (M:F = 28:15, age 53.9±12.5 years) who had undergone Tc-99m HMDP scintigraphy after NSS were enrolled. The patients were divided into HMDP + or HMDP − groups by visual assessment, and the asymmetric index (ASI) was calculated using a region-of-interest analysis. In 16 patients, the total and split glomerular filtration rate (GFR) was assessed using Tc-99m diethylenetriaminepentaacetic acid (DTPA) scintigraphy at baseline and at 3 and 6 months post-NSS. Results: High Tc-99m HMDP uptake was observed in the operated kidneys, but this did not persist later than 7 days post-NSS. Split GFR of the operated kidneys at baseline (58.5±9.3 ml/min) was significantly reduced at 6 months post-NSS (40.1±5.9 ml/ min, p<0.001) in only those who showed intense uptake of Tc-99m HMDP. Declines in both total GFR (p=0.010 and p= 0.002 for 3 and 6 months, respectively) and split GFR of the operated kidneys (p<0.001 and p<0.001 for 3 and 6 months, respectively) were clearly evidenced at 3 and 6 months post-NSS only in patients with high Tc-99m HMDP in the operated kidneys. The ASI was negatively correlated with %change in the split GFR of these operated kidneys at 6 months post-NSS (rho =−0.578, p=0.0304). Conclusions: Tc-99m HMDP uptake within 1 week following NSS is a surrogate marker of GFR impairment over 6 months post-NSS.
Introduction
Nephron-sparing surgery (NSS) has become the standard procedure for treating small renal tumors. Without the expense of cancer control, nephron-sparing partial nephrectomy can effectively preserve postoperative renal function, which is an important issue in urology [1, 2] . Many clinical and surgical factors are known to affect postoperative renal function, including age, sex, solitary kidney, underlying chronic kidney disease, tumor size, ischemic time during renal artery clamping, and extent of resected healthy tissue [3] [4] [5] . Of the controllable factors that affect postoperative renal function, warm ischemic time and perioperative parenchymal damage are of most concern. Recent advances in surgical techniques and awareness of the consequences of renal ischemia have reduced or eliminated inadvertent prolonging of ischemic time, and modern NSS usually takes less than 30 min [5, 6] . In fact, a warm ischemic time of less than 20 min is recommended for effective NSS [6] . However, some degree of ischemic injury during renal artery clamping is unavoidable, even with a relatively short ischemic period [7] . Furthermore, damage/loss of surrounding renal parenchymal tissue is also unavoidable because a sufficient resection margin is required for cancer surgery. Therefore, identification of a surrogate marker of perioperative renal tissue injury could facilitate the development of a more minimally invasive surgical technique in this era of rapid NSS.
Extraosseous uptake of Tc-99m-labeled phosphorus agents has been described in a variety of soft tissue diseases [8, 9] . Ischemic injury and subsequent calcium deposition are considered to be associated with Tc-99m-labeled phosphorus agent uptake [10, 11] . Furthermore, ischemia and reperfusion via renal arteries have been reported to generate renal uptake of Tc-99m-labeled phosphorus agents [12, 13] . In the clinical setting of nephron-sparing partial nephrectomy among renal tumor patients, Tc-99 phosphonate scintigraphy readily demonstrated transient uptake of Tc-99m phosphonate in operated kidneys [14] . However, there has been no followup report of image-based prediction of glomerular filtration rate (GFR) impairment post-NSS. Thus, in the current study, we retrospectively reviewed Tc-99m hydroxymethylene diphosphonate (HMDP) bone scintigrams and Tc-99m diethylenetriaminepentaacetic acid (DTPA) GFR scintigrams of renal tumor patients following partial nephrectomy. We attempted to determine the quantitative relationship between the degree of Tc-99m HMDP uptake and functional deterioration of the operated kidneys post-NSS.
Materials and Methods

Subjects and Clinical Factors
From July 2009 to August 2013, 218 renal tumor patients underwent both partial nephrectomy and Tc-99m HMDP bone scintigraphy at our hospital. Tc-99m HMDP bone scintigraphy is routinely performed as a work-up test for patients at our institution, particularly among those with renal cell carcinoma. As the timing of bone scintigraphy is not strictly specified, and due to the excessive workload of our large tertiary medical center, 43 patients could not undergo bone scintigraphy preoperatively but experienced bone scintigraphy within 1 month post partial nephrectomy. These 43 patients were enrolled in the current study (Fig. 1) . Table 1 summarizes the demographic characteristics of these patients. Medical record and scintigraphy findings were retrospectively reviewed. The current study was reviewed and approved by the institutional ethics review board (IRB no. = B-1310/224-103).
Tc-99m HMDP Bone Scintigraphy
No specific preparation was required for Tc-99m HMDP scintigraphy. Patients were injected intravenously with 1,295 MBq (35 mCi) of Tc-99m HMDP (HDP, Mallinckrodt, St. Louis, MO, USA). Thereafter, they drank water (at least 500 ml) and voided frequently until image acquisition in order to reduce unnecessary radiation exposure. Whole-body images from the vertex to the feet were obtained 3 h after injection using a dual-head gamma camera system (Forte, ADAC-Philips, Holt, MO, USA) equipped with a low-energy highresolution collimator. The acquisition window (20 %) was set at an energy peak of 140 KeV, and the image matrix was 1,024×1,024.
Image Analysis
First, we visually assessed renal parenchymal Tc-99m HMDP uptake and divided the patients into two groups: HMDP + and HMDP − . The renal parenchymal activity of the operated kidneys was compared visually with that of the contralateral kidneys. HMDP + patients were defined as those with renal parenchymal Tc-99m HMDP uptake greater than the contralateral kidney and increased parenchymal Tc-99m HMDP activity involving at least one-third of the corresponding kidney. Patients with renal parenchymal activity equal to or lower than the contralateral kidney or those with Tc-99m HMDP activity involving less than one-third of the corresponding kidney were classified as HMDP − .
Second, we performed a quantitative analysis of renal parenchymal Tc-99m HMDP uptake using posterior images. Regions of interest (ROIs) were drawn along the renal contours over the operated and contralateral kidneys (Fig. 2) . We carefully excluded renal pelvic radioactivity with the aid of postoperative abdomino-pelvic contrast-enhanced computed tomography (CT). Background ROIs were drawn at the inferior-lateral aspect of the corresponding kidneys. The asymmetric index (ASI) was used to represent the renal uptake of the operated kidney relative to that of the contralateral non-operated kidney and was defined as: The quantitative parameter was assessed using ImageJ software (Version 1.47 t, http://rsb.info.nih.gov/ij/, National Institutes of Health, Bethesda, MD, USA).
Tc-99m DTPA GFR Scintigraphy
We recently established a revised Gates' GFR scintigraphic method that substantially improves the reproducibility and accuracy of the GFR measurement of individual kidneys [15] . Briefly, in the present study, the patients were instructed to ingest 500 ml of water 30 min before imaging. Serial dynamic images were then acquired for 20 min starting from the injection of 185 MBq (5 mCi) Tc-99m DTPA (TechneScan® DTPA, Mallinckrodt, St. Louis, MO, USA) with the patient in the supine position and the detector positioned posteriorly 30 cm away from the patient. A single-head gamma camera (Argus, ADAC/Philips, Holt, MO, USA) equipped with a low-energy high-resolution collimator was used for GFR scintigraphy with a 20 % energy window set at an energy peak of 140 KeV. The image matrix was 128×128. Measurement of the injected radioactive counts and the area under the curve (AUC) of the renogram at 2-3-min post-injection enabled determination of the percent renal uptake for each individual kidney. The original Gates' GFR equation [16] , GFR (ml/min) = (%renal uptake × 9.8127) − 6.82519, was revised to GFR (ml/min) = (%renal uptake×11.7773) − 0.7354 in our previous report [15] , and this revised equation was employed in the present study. Of the 43 patients, 16 underwent Tc-99m DTPA GFR scintigraphy at baseline as well as at 3 and 6 months postoperatively ( Fig. 1 ).
Statistical Analysis
In order to determine postoperative functional deterioration, we calculated the percentage change in GFR, which was defined as:
where GFR post was measured 3 or 6 months postoperatively, and GFR pre was obtained preoperatively. The serum creatinine (sCr) level and estimated GFR (eGFR) derived from the MDRD equation [17, 18] were also analyzed to determine the percentage change. All data are presented as the mean ± standard deviation. were employed to compare pre-and postoperative GFR parameters. A repeated measure ANOVA was used for the serial GFR data analysis. Pearson's or Spearman's coefficients were obtained for the parametric or non-parametric correlation analyses, respectively. The analyses were performed using STATA version 12.0.0 statistical software, and a p value< 0.05 was considered statistically significant.
Results
Time Course of Tc-99m HMDP Uptake Following Partial Nephrectomy
In our initial investigation, we attempted to determine the time course of Tc-99m HMDP uptake in the operated kidneys following partial nephrectomy. The quantitative parameter ASI, which indicates asymmetrically increased Tc-99m HMDP uptake in the operated kidney compared with the contralateral kidney, was used for objective determination of Tc-99m HMDP uptake. The ASI had a significant negative correlation (r=−0.3297, p=0.0309) with the time interval between the operation and bone scintigraphy, which means that Tc-99m HMDP uptake was greater during the early post-NSS period, that is, within 1 week (Fig. 3a) .
Of the 43 patients, 8 (male:female = 5:3, age 55.0 ± 10.5 years) underwent follow-up bone scintigraphy at 6 months (n=7) or 1 year (n=1) after the initial postoperative bone scintigraphy. The initial high Tc-99m HMDP uptake observed in the operated kidneys disappeared in all eight patients at the follow-up bone scintigraphy (Fig. 3b and c) . In addition, the ASI at the initial bone scintigrams (2.74±0.75) was significantly decreased at the follow-up bone scintigrams (1.05±0.28, p=0.0078).
Tc-99m HMDP Uptake as a Surrogate Marker of Postoperative GFR Impairment Next, we investigated the clinical implication of early Tc-99m HMDP uptake following partial nephrectomy. Sixteen patients who underwent Tc-99m DTPA GFR scintigraphy 1 week (7.4 ± 8.5 days) prior to surgery (baseline) as well as 3 months (97.9±24.5 days) and 6 months (197.0±28.3 days) postoperatively were included in this analysis (Fig. 1) . All underwent Tc-99m HMDP bone scintigraphy within 1 week (4.3±1.7 days, range 2-7 days) postoperatively; the patients were allocated to the HMDP − group (n=5) or HMDP + group (n= 11) based on a visual analysis (Table 2) . 2 at 6 months postoperatively). The percent change in total GFR 3 months postoperatively was −10.1±1.0 % in the HMDP + group, which was marginally significantly greater than the −1.3±8.5 % in the HMDP − group (p=0.0616). However, at 6 months postoperatively, the percent change in total GFR in the HMDP + group (−14.7±7.8 %) was significantly greater than that in the HMDP − group (−1.9±10.0 %) (p= 0.0196) ( Table 2) . Regarding the split GFR of the operated kidneys, not only the percent change but also the absolute value was significantly lower (40.1±5.9 ml/min) in the HMDP + group compared with the HMDP − group (56.4±19.7 ml/min) (p 0.0388) at 6 months postoperatively. The percent change in split GFR at 3 and 6 months postoperatively was −23.7±12.8 % and −33.4±11.1 %, respectively, in the HMDP + group. These values were significantly greater than the −9.4±14.4 % (p= 0.0474) and −10±19.2 % (p=0.0278), respectively, in the HMDP − group (Table 2) .
On the other hand, the split GFR of the contralateral kidney did not differ significantly between the HMDP + and HMDP − groups in terms of both the absolute value of GFR and the percentage change at 3 and 6 months postoperatively (p>0.05) ( Table 2) . Surgical parameters known to affect postoperative renal function, such as tumor size (cm), operation time (min), warm ischemia time (cm), and estimated blood loss (ml), were not significantly different between the HMDP + and HMDP − groups (p>0.05) ( Table 2) . However, the ASI, the bone scintigraphy parameter of Tc99m HMDP uptake, was significantly higher in the Table 2) . Serial data plotting (Fig. 4) revealed the same GFR changes as the group comparisons ( Table 2) . The HMDP + patients had significantly lower total GFRs at 3 and 6 months postoperatively compared with their preoperative total GFRs (p=0.010 and p=0.002 for 3 and 6 months postoperatively, respectively). However, there were no significant serial changes in total GFR among patients in the HMDP − group (p>0.05). The split GFR of the operated kidney was significantly reduced from baseline at 3 months postoperatively (p<0.001) and was further reduced at 6 months postoperatively (p<0.001) in the HMDP + group, whereas no significant serial change was observed among those in the HMDP − group over 6 months postoperatively (p>0.05). No serial change in the split GFR of the contralateral kidney was observed among HMDP + or HMDP − patients (p>0.05) (Fig. 4) . Representative cases are shown in Figs. 5 and 6. Serum creatinine (sCr) levels and eGFR were also analyzed among the 16 patients who underwent Tc99m DTPA GFR scintigraphy. No significant difference between the HMDP + and HMDP − patients was observed for either of these factors at all the time points. Furthermore, no significant percent change in either sCr or eGFR was detected over the 6-month postoperative period among the HMDP + and HMDP − patients (Table 3) .
Correlation Between the Bone Scintigraphy Parameter (ASI) and GFR Impairment ASI, the bone scintigraphy parameter assessed in the current study, was used to objectively determine Tc99m HMDP uptake in the operated kidneys (Figs. 2  and 3 ). Among the 16 patients who underwent Tc-99m DTPA GFR scintigraphy, the presence of Tc-99m HMDP uptake was associated with GFR impairment, but the other parameters were not (Table 2 ). Thus, we tested the correlation between ASI and GFR changes to investigate quantitative relationships between these variables. Percent changes in total and split GFR of the operated kidneys were investigated. As a result, the ASI was found to be negatively correlated with the percent an ASI of 9.41 (b). The Tc-99m DTPA GFR scintigrams clearly demonstrate impaired split GFR of the operated right kidney at 3 months (d) and 6 months (e) postoperatively compared with baseline split GFR (c). The blue arrows in panels (d) and (e) highlight the area-under-the-curve difference (that is, the split GFR difference) between the non-operated left kidney and operated right kidney after the partial nephrectomy change in GFR of the operated kidneys at 6 months postoperatively (rho=−0.578, p=0.0304).
Discussion
Renal uptake of Tc-99m-labeled phosphorus agents has been well described in animal and human diseases that involve renal ischemia [11] [12] [13] . Recent enthusiasm for nephron-sparing partial nephrectomy in renal tumor patients has raised interest in potential surrogate markers of renal damage during renal artery clamping and subsequent release [1] [2] [3] 5] . As a matter of fact, it is not surprising to observe high Tc-99m phosphonate uptake in the operated kidneys following renal artery clamping during partial nephrectomy [14] because the relationship between ischemic injury and Tc-99m phosphate uptake has been well described in the literature [10] . Elevated intracellular calcium level after ischemic injury caused by renal artery clamping is associated with Tc-99m phosphonate uptake and the subsequent reperfusion (i.e., release of renal artery clamping) can also cause further damage giving rise to retention of Tc-99m phosphonate in the operated kidney [10, 11] . However, the clinical implications of Tc-99m phosphonate uptake in the operated kidneys remain elusive. The first clinical report of renal uptake of Tc-99m phosphonate during partial nephrectomy described the time course of Tc99m phosphonate uptake in just 11 patients [14] . In the present study, the clinical implications of early Tc99m HMDP uptake as well as the time course of Tc99m HMDP uptake were investigated with a larger cohort of renal tumor patients. Furthermore, regarding functional impairment, the specific GFR values of the affected kidneys could be accurately evaluated using Tc99m DTPA GFR scintigraphy [15, 19] . As a result, Tc99m HMDP uptake in the operated kidneys during immediate postoperative bone scintigraphy turned out to be a useful imaging marker of perioperative renal injury leading to GFR impairment over the 6-month postoperative period. In other words, the presence of Tc-99m HMDP uptake is indicative of perioperative injury to innocent renal parenchyma, whereas the lack of Tc-99m HMDP uptake highlights the success of the minimally invasive procedure during NSS. Regarding the evaluation of postoperative renal dysfunction, the use of Tc-99m DTPA GFR scintigraphy has tremendous advantages over other techniques [6, 7] . The operated kidneys as well as the contralateral kidneys could be efficiently evaluated regarding the perioperative GFR changes. One interesting finding of the present study was that compensatory hyperfunction of the contralateral kidneys was not as prevalent during partial nephrectomy as expected during total nephrectomy [15] . In fact, this issue of compensatory hyperfunction has never been thoroughly investigated in partial nephrectomy. Another noticeable finding of the present study was the quantitative relationship between Tc-99m HMDP uptake and GFR impairment. The greater the asymmetric uptake of Tc-99m HMDP in the operated kidney, the greater the percent change (functional deterioration) of the split GFR of the corresponding kidney. Therefore, Tc-99m HMDP uptake within 1 week post-NSS could play a role in predicting GFR decline 6 months thereafter. It is not clear whether there is a therapeutic option to prevent GFR impairment between the immediate postoperative period (at the time of bone scintigraphy) and 6 months thereafter, but awareness of renal injury immediately after NSS could initiate other nephron-sparing efforts post-NSS. Finally, the limitations of traditional GFR markers, such as sCr or eGFR, were prominent compared with gamma camera imagingbased GFR measurement. For example, split and total GFR from Tc-99m DTPA scintigraphy were found to be significantly decreased in the HMDP + operated kidneys over the 6-month post-NSS period (Table 2 and Fig. 4 ), but neither sCr nor eGFR revealed the change even in total GFR (Table 3 ). The high reliability and accuracy of the revised Gates' GFR scintigraphy technique was reported previously. We believe that Tc-99m DTPA GFR scintigraphy holds great promise for the measurement of perioperative GFR changes and could play a more significant role in renal function preservation during NSS.
Limitations
The retrospective nature of the study and relatively small number of enrolled cases restrict the clinical utility of the current findings. However, because baseline and postoperative Tc-99m DTPA GFR scintigraphy is routinely performed at regular intervals at our institution, we attest that patient selection bias was minimized. Furthermore, the proof of concept regarding the relationship between Tc-99m HMDP uptake and GFR decline is clear enough to drive future studies. We hope that a larger scale prospective study will lead to the development of a more effective nephron-sparing procedure using Tc-99m HMDP uptake as a surrogate marker of renal injury.
Conclusion
Tc-99m HMDP uptake within 1 week following nephronsparing surgery is a surrogate marker of GFR impairment over 6 months post nephron-sparing surgery.
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